We compared the Planck 2018 data on the large-scale anisotropies in the cosmic microwave background to the results obtained in the slightly anisotropic ellipsoidal universe. We focused on the quadrupole temperature correlations to better constrain the eccentricity at decoupling and the direction of the symmetry axis. We found that the quadrupole TE and EE temperature correlations in the ellipsoidal universe are still in reasonable agreement with the Planck 2018 data. We suggested that an experimental estimate of the average large-scale polarisation by the Planck Collaboration could confirm or reject the anisotropic universe proposal.
Introduction
The temperature anisotropies in the cosmic microwave background (CMB) is one of the most powerful way to study cosmology and the physics of the early Universe. Recently, the Planck Collaboration reported the final results on the CMB anisotropies [1, 2, 3, 4, 5, 6, 7, 8, 9] confirming the cosmological Lambda Cold Dark Matter (ΛCDM) model to the highest level of accuracy. Nevertheless, even the Planck 2018 data are confirming the presence of anomalous features at large scales. The most evident anomaly concerns the quadrupole temperature correlation that is still heavily suppressed with respect to the best-fit standard cosmological ΛCDM model. There are several proposals in the literature to cope with the suppression of power at large scales in the CMB anisotropies. In particular, it has been suggested [10, 11] that, if one admits that the largescale spatial geometry of our universe could be only plane-symmetric, then the quadrupole amplitude can be drastically reduced without affecting higher multipoles of the angular power spectrum of the temperature anisotropies. If this is the case, then the metric of the Friedmann-Robertson-Walker (FRW) standard cosmological model (see, for instance, Ref. [12] ) 3 :
should be replaced with the ellipsoidal universe metric:
where h ij is a metric perturbation:
where e(t) is the ellipticity and the unit vector n determines the direction of the symmetry axis. In fact, the ellipsoidal universe corresponds to a Bianchi type I [13] cosmological model with planar symmetry. It is known since long time [14, 15, 16, 17] that anisotropic cosmological models in general induce at large scales sizeable E-and B-mode polarisation in the the cosmic microwave background radiation. Actually, the recent results [18] of a joint analysis of CMB data from BICEP2/Keck Array and Planck Collaborations found no statistically significant evidence of primordial B-modes. This should select Bianchi type I cosmological models as viable anisotropic cosmological models since B-mode polarisation is being produced in all Bianchi types except type I. Indeed, in our previous papers [19, 20] we showed that the ellipsoidal geometry of the universe could induce sizeable linear polarisation signal at large scales without invoking reionization processes. In particular, in Ref. [20] we evaluated the quadrupole TE and EE correlations and compared with the WMAP nine-year data [21, 22] . The aim of the present paper is to critically contrast the CMB quadrupole correlations evaluated in the ellipsoidal universe with the recent Planck 2018 data. The plan of the paper is as follows. In sect. 2 we summarise the main results presented in Ref. [20] ; sect. 3 is devoted to the calculations of the quadrupole correlations and, by using the Planck 2018 data, to better constrain the eccentricity at decoupling and the symmetry axis. We also compare in sect. 3.1 the quadrupole TE and EE correlations to the Planck data. Finally, in sect. 4 we summarise the main results of the present paper and we draw our conclusions.
The CMB large scale anisotropies
In this section, for later convenience, we summarise the calculations of the large scale temperature anisotropies in the ellipsoidal universe [10, 11] presented in Ref. [20] . Let us consider the Boltzmann equation for the photon distribution in the ellipsoidal universe by taking into account also the effects of the cosmological inflation produced primordial scalar perturbations. The temperature anisotropies caused by the inflation produced primordial scalar perturbations are discussed in textbooks (see, for instance, Refs. [23] , [24] ). Here, we consider the primordial scalar perturbations induced by the inflation. In the conformal Newtonian gauge [24] the effects of these perturbations on the metrics are accounted for by two functions Ψ( x, t) and Φ( x, t) corresponding to the Newtonian potential and the perturbation to the spatial curvature, respectively. Therefore, in the ellipsoidal universe the perturbed metrics reads:
We need to evaluate the temperature fluctuations of the cosmic background radiation induced by eccentricity of the universe and by the inflation produced primordial cosmological perturbations. We assume that the photon distribution function f ( x, t) is an isotropically radiating blackbody at a sufficiently early epoch. The subsequent evolution of f ( x, t) is determined by the Boltzmann equation [23, 24] :
where ( ∂f ∂t ) coll is the collision integral which takes care of Thomson scatterings between matter and radiation. The distribution function depends on the space-time point x µ and the momentum vector p µ :
3) where λ parametrises the particle's path. Actually, we may consider the distribution function as a function of the magnitude of momentum p and the momentum directionp i , δ ijp ipj = 1. Tacking into account the metric Eq. (2.1) one gets [20] :
where H =ȧ/a is the Hubble rate. Now, the photon distribution perturbed with respect to its zero-order Bose-Einstein value:
can be written as:
After expanding to the first order in the perturbation Θ( x, t, p,p) we get:
Note that from Eq. (2.6) it follows that the distribution function Θ( x, t, p,p) is the temperature contrast function:
The perturbed distribution Θ( x, t, p,p) can be obtained by solving the Boltzmann equation to the first order. In this approximation we obtain:
In the same approximations the collision integral is a linear functional of Θ( x, t, p,p). Moreover, we showed [20] that at large scales the collision integral can be considered a linear homogeneous functional of the distribution function Θ( x, t, p,p). Therefore, writing:
we have:
In fact, Eqs. (2.10) and (2.11) show that Θ A and Θ I are the temperature fluctuations induced by the spatial anisotropy of the geometry of the universe and by the scalar perturbations generated during the inflation, respectively. Accordingly we obtain: 
It is worthwhile to stress that our results imply that at large scales:
where ∆T I and ∆T A are the temperature fluctuations induced by the cosmological scalar perturbations and by the spatial anisotropy of the metric of the universe. To determine the CMB temperature fluctuations at large scales we need to solve the Boltzmann equations Eqs. (2.12) and (2.13). Eq. (2.12) is the Boltzmann equation of the standard ΛCDM cosmological model, and it has been extensively discussed in literature. As a consequence, we only need to solve the Boltzmann equation Eq. (2.13) which allows us to find the CMB temperature fluctuations caused by the anisotropy of the geometry of the universe. To this end, we introduce the Fourier transform of the temperature contrast function:
Considering that the collision integral depends linearly on Θ A , we have:
To determine the polarisation of the cosmic microwave background we need the polarised distribution function which, in general, is represented by a column vector whose components are the four Stokes parameters [25] . In fact, due to the axial symmetry of the metric only two Stokes parameters need to be considered, namely the two intensities of radiation with electric vectors in the plane containing p and n and perpendicular to this plane respectively. As a consequence, Eq. (2.7) is replaced by:
where, now, Θ A ( x, t, p,p) should be regarded as a two component column vector. Defining
we get from Eq. (2.16):
where σ T is the Thomson cross section and n e (t) the electron number density [25] . After introducing the conformal time:
Eq. (2.19) can be written as:
The solutions of Eq. (2.21) are given by [16, 19, 20] :
It turns out that θ a ( k, η) measures the degree of anisotropy, while θ p ( k, η) gives the polarisation of the primordial radiation. In Ref. [20] we found:
where we introduced the cosmic shear [15, 19, 20] : 25) and the optical depth:
To a good approximation, we showed that [20] :
where η 0 is the conformal time at the present time. Moreover, we also found:
and
where e dec is the ellipticity at decoupling.
The quadrupole correlations
The temperature anisotropies of the cosmic background depend on the polar angle θ, φ, so that one usually expands in terms of spherical harmonics:
The CMB temperature fluctuations can be fully characterised by the power spectrum:
In particular, the quadrupole anisotropy refers to the multipole ℓ = 2. Remarkably, also the Planck 2018 data [26] confirmed that the observed quadrupole anisotropy:
is much smaller than the quadrupole anisotropy expected according to the ' TT,TE, EE + low E + lensing ' best fit ΛCDM model to the Planck 2018 data [26]:
Note that in Eq. (3.4) the uncertainty is due to the so-called cosmic variance [23] that, in fact, should be included in the theoretical expectations.
In the standard cosmological model the CMB temperature fluctuations are induced by the cosmological perturbations of the FRW homogeneous and isotropic background metric generated by the inflation-produced potentials. In the ellipsoidal universe we must also consider the effects on the CMB anisotropies induced by the anisotropic expansion of the universe. It turned out [19, 20] that, as discussed in sec. 2, at large scales the observed anisotropies in the CMB temperature are due to the linear superposition of the two contributions according to Eq. (2.14). Following Ref. [20] , let us introduce the dimensionless temperature anisotropies: 
that fully characterises the properties of the CMB temperature anisotropy. We have seen that at large scales the temperature fluctuations ∆T are the sum of the temperature fluctuations ∆T I induced by the cosmological inflation perturbations and the temperature fluctuations ∆T A due to the spatial anisotropy of the metric of the universe. Writing:
In our previous paper [20] we argued that the main contributions of the anisotropy of the metric to the CMB temperature anisotropies are for ℓ = 2. Therefore we are led to consider the quadrupole anisotropy ℓ = 2. Firstly, let us consider the contributions to temperature contrast function induced by the anisotropic expansion of the universe. Since at large scales we may neglect the spatial dependence of the contrast function, we may set k ≃ 0 in Eq. (2.27). In this case we obtain at once:
where θ a is given by Eq. (2.28) and θ, φ are the polar angles of the photon momentum p. Let θ n , φ n be the polar angles of the direction of the axis of symmetry n, then:
As a consequence, we get:
From Eq. (3.12) one easily finds:
After defining the quadrupole anisotropy:
one finds:
Concerning the observed quadrupole temperature anisotropy, we introduce: 16) so that, according to Eq. (3.9), we have:
We see that to determine Q 2 we need the a I ℓm ' s. Since the standard inflation-produced temperature fluctuations are statistically isotropic, we can write [11, 20] :
where 0 ≤ φ 1 , φ 2 ≤ 2π are unknown phases and Q I , defined by
can be easily estimated from Eq. (3.4):
As a consequence we get for the total quadrupole anisotropy:
where [10, 11, 20] :
sin(2θ n ) cos(φ 1 +φ n ) + 3 10 sin 2 θ n cos(φ 2 +2φ n ) .
(3.22) Equations (3.21) and (3.22) suggest that, if the space-time background metric is not isotropic, the quadruple anisotropy may become smaller than the one expected in the standard isotropic ΛCDM cosmological model. To see this, we note that:
23)
24)
Indeed, the quadrupole anomalies can be accounted for if:
It turned out that Eq. (3.26) allowed us to determine the eccentricity at decoupling and constraint the polar angles of the symmetry axis [20] : As concern the quadrupole temperature anisotropy, we have:
The observed value of the quadrupole temperature anisotropy is recovered if:
To summarise, we have shown that the anomalous low quadrupole temperature anisotropy can be reconciled with observations in the ellipsoidal universe by allowing a rather small eccentricity at decoupling. On the other hand, in our previous paper [20] , we found that the anisotropy of the metric contributes mainly at large scales affecting only the low-lying multipoles, at least for the temperature-temperature anisotropy correlations. So that the ellipsoidal cosmological model can reproduce the observed quadrupole temperature correlation without spoiling the excellent agreement of the standard cosmological model with the TT correlations for ℓ > 2. Finally, note that for the galactic coordinates b n , l n of the symmetry axis we have b n ≃ ± 17
• while the longitude l n is poorly constrained. It is worthwhile to observe that the full mission Planck temperature data exhibit an anomalous mirror antisymmetry in the direction (b, l) ≃ (−17
• , 264
• ) [28] . Remarkably, the galactic coordinates of the mirror antisymmetry direction are consistent with the allowed range of b n , l n . This lead us to identify that direction with the direction of the axis of symmetry. Therefore, we may safely assume:
Now we turn on the large scale polarisation in the primordial cosmic background. In our previous work [19] we argued that the ellipsoidal geometry of the universe induces sizeable polarisation signal at large scale without needing the CMB reionization mechanism. We will assume, therefore, that early CMB reionization is negligible. As a consequence, as it is well known [23, 24] , at large scales the primordial inflation induced cosmological perturbations do not produce sizeable polarisation signal. In this case the polarisation of the temperature fluctuations are fully accounted for by the anisotropic expansion of the universe. According to our previous discussion, we have:
where the superscript E indicates that the temperature polarisation contributes only to the so-called E-modes. At large scales the main contributions to the polarisation temperature contrast functions are for k ≃ 0:
(3.34) It is evident from Eq. (3.34) that the non-zero multipole coefficients a E ℓm are for the monopole ℓ = 0 and the quadrupole ℓ = 2. The monopole term indicates a non-zero average large scale polarisation of the cosmic microwave background that can be evaluated as:
On the other hand, from Eq. (3.34) we easily obtain:
that implies:
Using Eq. (3.37) we may easily estimate the quadrupole TE and EE correlations. For the quadrupole TE correlation we get:
38) where the a A 2m 's are given by Eq. (3.13). Proceeding as in Ref. [20] one reaches the estimate:
For the quadrupole EE correlation we get:
From Eqs. (3.35), (3.39) and (3.40) it is straightforward to obtain:
(3.43) Figure 1 summarises what we have achieved in this work. Indeed, in Fig. 1 we report TE (left panel) and EE (right panel) temperature correlations at large scales ℓ ≤ 12. It is worthwhile to observe that measuring the CMB polarisation signals at large angular scales is challenging due to the contamination from foreground sources. In general the main sources of foreground polarisation signals are synchrotron radiation, dust emission and thermal bremsstrahlung. To extract the underlying CMB signal, the foreground signal must be removed. The removal processes form a significant part of the CMB data analysis becoming increasingly important for the large-scale polarisation signals. The Planck team used component separation techniques to produce various maps of foregrounds. Foreground removal techniques make specific assumptions about the properties of foregrounds in temperature and in polarisation. To obtain a characterisation of the foregrounds that is independent of the component-separation methods, the Planck Collaboration, after subtracting from the observed power spectra the CMB contribution determined by using the Planck 2015 ΛCDM model [29] , performed a power-law fits to the power spectra over the multipole range 40 ≤ ℓ ≤ 600. After that, the extrapolation of the fitted power laws to the low multipoles was compared to the data points at ℓ < 40 not used in the fit. It turned out that the extrapolation of the power laws to low multipoles was not alway close to the data points [9] . This quantifies the challenge of the component-separation procedure that is required for measuring the low-ℓ primordial CMB E-modes. We see, then, that on the largest angular scales the Planck's results for the primordial CMB polarisation remain contaminated by astrophysical foreground and unknown systematic errors. The latest Planck data for the large-scale TE and EE power spectra are displayed in Fig. 1 as full points [26] . The data are affected by a rather large statistical uncertainties mainly due to the problematic component-separation procedures. Nevertheless, one can safely affirm that there is an evidence of primordial CMB polarisation signal at large scales. It is widely believed that the primordial CMB polarisation signal at large scales is due to the reionization processes. Even though the process by which the universe become fully reionized is still not well characterised, the reionization process is estimated to be complete at the redshift of reionization z re . The best fit ΛCDM model gave z re = 7.67 ± 0.67 and Thomson optical depth τ = 0.0544 ± 0.0073 (see Table 2 in [2] ). The resulting TE and EE multipole correlations are reported in Fig. 1 (open triangles). Looking at Fig. 1 it seems that the best fit model is in reasonable agreement with the Planck data within the rather large statistical errors. However, due to the measurement uncertainties there is no a clear evidence of the E-mode reionization bumps that should be around ℓ ≃ 3 − 4 for a Thompson scattering optical depth τ ≃ 0.055. On the other hand, we said that the ellipsoidal geometry of the universe induces sizeable polarisation signal at large scales even without invoking the reionization scenario. Our main results, given by Eqs. (3.41), (3.42) and (3.43) , are compared to the Planck data in Fig. 1 (open squares) . We see that our estimate of the quadrupole TE correlation is consistent with observations within the statistical errors. As concern the quadrupole EE correlation, our result Eq. (3.43) agrees with the data point at the same confidence level as the best fit model. Moreover, in Ref. [20] we already argued that in our cosmological model the polarisation of the cosmic microwave background (without reionization) at the present time is essentially that produced around the time of recombination and, due to the finite thickness of the last scattering surface, it should be confined up to multipoles ℓ 10. In fact, this is confirmed in Ref. [17] where the authors have derived the radiative transfer equation in homogeneous anisotropic universes in the Bianchi VII h case arguing that qualitatively the level of polarisation induced by the spatial anisotropy of the metric should hold also for Bianchi I anisotropic universes. Therefore, in our cosmological anisotropic model the polarisation signal should smoothly extend up multipoles ℓ ≃ 10 and after that fall off very rapidly, in qualitative agreement with the Planck data. From the TE and EE power spectrum at large angular scales we see that the Bianchi-induced polarisation can mimic the effects of the early reionization of the standard cosmological model. Unfortunately, the Planck 2018 data on the large-scale polarisation are not yet able to distinguish between these two model. Nevertheless, a clear signature of the ellipsoidal universe model resides on the fact that, at variance of the standard reionization scenario, there is a non-zero average temperature polarisation. Our estimate of the average polarisation (monopole EE correlation) given by Eq. (3.42) is displayed in Fig. 1 , right panel. In principle, the monopole EE correlation can be easily measured by averaging the polarisation signal over all directions. However, the lack of adeguate theoretical models able to explain the foreground polarisation at large scales prevents, at moment, a reliable estimate of the average polarisation. In fact, the eventual presence of an average temperature polarisation could be misinterpreted as foreground emission leading to an underestimate of the cosmic microwave background polarisation signal.
Comparison with the Planck 2018 data

Conclusions
The aim of this paper, that relies heavily on our previous work, has been to provide a stringent comparison with the latest CMB data from the Planck Collaboration. As in previous papers we established that the low quadrupole temperature correlation, detected by WMAP and confirmed by the Planck satellite, could be accounted for if the geometry of the universe is plane-symmetric with eccentricity at decoupling of order 10 −2 . We showed that the ellipsoidal geometry of the universe produces sizeable polarisation signal at large scales that compares reasonably well with the Planck 2018 data. Therefore, we are led to conclude that the proposal of the ellipsoidal universe cosmological model is still a viable alternative to the standard cosmological model.
